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[57) ABSTRACT

In a grating spectrometer a signal spectrum is measured
repeatedly while inserting different filters. The number
of the filters and measurements correspond to the num-
ber of the occurring grating orders not suppressed. The
signal spectra and the transmission characteristics of the
filters are stored. A system of equations is achieved,
from which a computer calculates the signal partial
spectra associated with the individual grating orders. A
total spectrum 1s composed from these signal partial
spectra. Separation of the higher grating orders need
not be effected optically, for example by cut-off filters.

3 Claims, 2 Drawing Figures
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1
GRATING SPECTROMETER

BACKGROUND OF THE INVENTION

The present invention generally relates to a grating
spectrometer, and, in particular, relates to a grating
spectrometer including several grating orders.

A conventional grating spectrometer includes a grat-
ing arrangement with a diffraction grating, which has a
plurality of grating grooves extending closely side by
side and onto which an incident light beam enters
through an entrance slit, 1s collimated and is directed by
a suitable optical system. The light returned by a dif-
fraction grating is spectrally dispersed. Light of a differ-
ent wavelengths is returned by angles for which the
optical wavelength difference of the light diffracted at
the grating grooves amounts to an integral multiple of
the wavelength. The light of each wavelength is thus
returned at different angles corresponding to optical
wavelength differences of, integer, i.e., one, two, three
etc., wavelength multiples. An incident white parallel
light beam 1s therefore dispersed into parallel light
beams of different colors, 1.e., corresponding to differ-
ent wavelengths, and returned at different angles. Sev-
eral of such light beams, which correspond to path
length differences of the single, double, triple etc. of the
wavelength, are thereby associated with each wave-
length. These different diffracted light beams of a wave-
length are generally called “grating orders”. Light at a
particular wavelength A in the first grating order is
diffracted by a grating in a particular direction. Light at
a wavelength A/2, A/3, A/4 . . . 1s also diffracted in the
same direction as for light at the wavelength A. These
added components are said to be in the second, third,
fourth . . . grating order.

The diffracted light beams are focused by an optical
system, such that, in the plane of an exit slit, a spectrum
1s generated which 1s composed of real images of the
entrance slit generated by the light beams of different
colors. The exit slit permits passage of light there-
through, which light has been diffracted in a certain
direction and which is focused by the optical system at
the location of the exit slit. The light emerging through
the exit shit 1s directed to a detector. By rotating the
diffraction grating the spectrum is scanned. That is, the
light beams diffracted into the different directions can
be directed consecutively to the exit slit.

Spectrometers in which the diffracted light beams are
focused by the optical system onto a diode array are
also known. In this type of spectrometer a plurality of
photodiodes are arranged closely side by side. When
such a diode array is used the spectrum is not scanned,
but the different wavelengths are simultaneously de-
tected and the associated detector signals are output in
parallel.

Of course, it is desired to measure only light of one
wavelength, 1.e., to detect only one grating order. Usu-
ally only the first grating order is used. The undesired
grating orders thus have to be suppressed. This can be
achieved by a cut-off filter or by a prism pre-mono-
chomator. In the UV air is effective as a suitable cut-off
filter.

In the first grating order a filter may be used for
nearly a complete octave before a higher grating order
occurs and the filter has to be changed. A single diffrac-
tion grating however may sweep more than two oc-
taves, for example, the spectral range from 190 nm to
900 nm. This large spectral range requires a correspond-
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2

ingly large number of filters, each of which have to be
consecutively rotated into the path of rays. Each filter
change varies the optical conditions, such that filter
steps or filter spikes easily occur in the 100%, or first
order-line.

It 1s known to reduce such filter spikes by stopping
the wavelength advance and the pen and by making the
filter change during the recording intermission. A con-
siderable expenditure is however required to automati-
cally cause these recording intermissions. Further, the
recording time required for scanning a spectrum in the
wavelength range is undesirably extended. Finally, the
stray light varies stepwise with each filter change. With
high sample extinction steps may then easily occur in
the recording, even if the 100% or first order-line does
not have any steps.

Another disadvantage of a diffraction grating, which
1s used in the first grating order through a large wave-
length range, is the low efficiency of the diffraction
grating near the range ends. This reduction of the effi-
ciency often coincides with a decrease of the spectral
lamp intensity or of the spectral detector sensitivity.

It 1s known to use the diffraction grating in a rela-
tively long wave partial range in the first grating order,
and 1n a relatively short wave partial range in a second
grating order. This requires, however, a more frequent
filter change and the use of band pass filters.

When a diode array is used as a detector, one octave,
at best, 1s detected thereby, and the higher grating or-
ders have to be suppressed by a cut-off filter. As the
slopes of the cut-off filter are not infinitely steep, the
range, which may be detected by the diode array at
once, 1s even smaller than one octave. In order to mea-
sure a larger spectral range with such a detector ar-
rangement it 1s thus necessary to record the spectrum
section by section and to rotate the diffraction grating
Inbetween.

SUMMARY OF THE INVENTION

Accordingly, it 1s one object of the present invention
to form a grating spectrometer such that the entire
examined spectral range is measured with a filter, such
that no steps occur when the fiiter is changed.

This object 1s achieved, at least in part, by providing
a memory means for storing the transmission character-
istics of the different filters, means for measuring the
signal spectra obtained with each of the filters by the
different superposed grating orders, memory means for
storing the signal spectra thus obtained, and computer
means to which the stored transmission characteristics
and the stored signal spectra are applied, and which
supplies a signal spectrum in accordance with the spec-
tral composition of the incident light beam.

Thereby largely any kind of filters may be used, pro-
vided the transmission characteristics are sufficiently
different. One of the filters may also be a 100%-filter,
which means that operation is without a physical filter.
It 1s not the purpose of the filters to separate the grating
orders from each other. A single filter is used with each
measurement of the spectrum. Thus, several grating
orders are superposed.

The spectrum proper is preferably formed by the
computer means as a function of the wavelength from
the signals of the detector arrangement, which signals
are obtained with the several scannings or measure-
ments with the different filters, and from known trans-
mission characteristics of the filters, which have been
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previously measured and stored. Thereby the signal
components resulting from the second, third, etc. grat-
ing orders are processed, such that altogether a larger
wavelength range i1s detected than would be measured
with the grating and detector arrangement i first or-
der.

BRIEF DESCRIPTION OF THE DRAWING

One embodiment of the invention 1s described In
greater detail with reference to the accompanying
drawings, not drawn to scale and include:

FI1G. 1, which 1s a schematic illustration of a grating
spectrometer; and

FI1G. 2 showing how the different grating orders fall
on a diode array serving as detector arrangement.

DETAILED DESCRIPTION OF THE
- INVENTION

- A grating spectrometer is schematically 1llustrated in

F1G. 1 and embodies the principles of the present inven-
tion. Therein, a light source 10 is imaged by, for exam-
ple, a spherical mirror 12 on an entrance slit 14. A con-
‘cave grating 16 images the entrance slit 14 as a function
of wavelength on a diode array 18. A filter wheel 20 is
arranged between the spherical mirror 12 and the en-
trance slit 14. The filter wheel 20, in this embodiment,
includes four different filters, which are consecutively
rotated into the path of rays.

The grating spectrometer generates, on the diode
array 18, for example, a spectrum in the first grating
order from 450 nm to 900 nm. Simultaneously, a spec-
trum of the second grating order, from 225 nm to 450
nm, and a spectrum of the third grating order, from 150
nm to 300 nm, fall on the diode array. However, the
range from 150 nm to 190 nm is absorbed by the atmo-
sphere. Finally, a spectrum of the fourth grating order
from 190 nm to 225 nm falls on the diode array 18 taking
into account the atmospheric absorption. The fifth grat-
ing order, the largest wavelength of which is 180 nm, is
completely absorbed by atmosphere.

In FIG. 2 it 1s shown how the four grating orders fall
on the diode array 18. In a left partial range of the diode
array 18 two grating orders, that is the first and second
grating order, simultaneously impinge on each detector
element. In a median partial range of the diode array 18,
three grating orders, i.e., the first three grating orders,
simultaneously impinge on each detector element. Fi-
nally, mn a right partial range four grating orders,
namely the first four grating order, are detected simulta-
neously.

Thus, all four grating orders simultaneously impinge
on the diode array 18. Radiation of two or more wave-
lengths, namely A and A/2 as well as A/3 and A/4, if
present, impinge on a detector element. The four com-
ponents have to be separated. This 1s accomplished by
the four filters of the fiiter wheel 20. These filters, how-
ever, need not separate the four grating orders individu-
ally as 1 conventional grating spectrometers. Thus,
steep cut-off, or band, filters are not required. The spec-
tral transmission characteristics of the filters may be
selected substantially arbitrarily.

- The transmissions of the four filters as functions of
the wavelength A are T1(A), T2(A), T3(A) and T4(A). The
detector signal, which is generated by the radiation of
the first grating order without filter and which is pro-
portional to the radiation flux and the detector sensitiv-
ity, 18 S1(A). The wavelength A overlaps the range from
450 nm to 900 nm. The detector signal generated by the
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4

radiation of the second grating order without filter is
S2(A) the range of the wavelength A extending from 225
nm to 450 nm. The detector signal generated by the
radiation of the third grating order without filter is
53(A) in the range of the wavelength A from 150 nm to
300 nm. The detector signal generated by the radiation
of the fourth grating order without filter 1s S4(A) in the
range of the wavelength A from 112.5 nm to 225 nm.
The functions S3(A) and S4(A) have the value O up to
about the wavelength A=190 nm because of the atmo-
spheric absorption.

The detector elements of the diode array 18 are char-
acterized hereinbelow by the wavelength A of the radia-
tion of the first grating order, falling on the specific
detector element, as illustrated in FIG. 2. With the
filters of the filter wheel 20 inserted in the path of rays
the following detector signals are achieved for the four
filters.

S1'(A) = Ti(AMSH(A) + T (-%—) S (-22‘-) +

n(4) (%) +n(3) s(3)

S2'(A) = TAA)S1(A) + T (%‘-) S> (-%—-) +

() 5(3) +n(3) s(3)

S3'(A) = T3(A)S1(A) + T3(

Ml?’
N’
NS
N
M'P”
S’
+

SE0) = TaMSIN) + n(%) sz(%) +

(3) 5(3) +n(3) s (2)

Therein the functions Ti, T2, T3 and T4 are known
and the S¢’, S2’, S3’ and S4’ are measured. Thus, for each
A, that 1s for each detector element, of the diode array
18, a system of four equations is obtained for the four
unknown quantities, namely the signal components
S1(A), Sa(A/2), S3(A/3) and S4(A/4) of the four grating
orders in the detector signal of the detector element
characterized by A. Therefrom these signal components
may be resolved in a known way, for example, by the
use of determinants.

The resolution of the system of equations is only
possible if the determinant formed of the sixteen T-val-
ues 1s not zero. Thus, the transmission characteristics of
the filters must be selected such that this is ensured.
However, this is an easily met requirement.

Nevertheless, care should be taken that the determi-
nant does not become too small. The differences in the
shape of the transmission characteristics or in the linear

combinations of transmission characteristics must not

become tco small.
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Generally these conditions are easily met with rela-
tively inexpensive glass filters.

The four filters are consecutively rotated, by the
filter wheel, into the path of rays. The signal spectrum
S1'(A) associated with each filter is detected by the
diode array 18. These signal spectra are stored in a
memory 22. Also, the functions T1(A), T2(A), T3(A) and
T4(A) are stored in the memory 22. The signal spectra
S1'(A) and the functions T1(A) are supplied to a com-
puter 24. The computer 24 resolves the system of equa-
tions indicated above. In the examples mentioned four
signal partial spectra are obtained:

S1(A) for A=450 nm to A=900 nm

S2(A) for A=225 nm to A=450 nm

S3(A) for A=150 nm to A=300 nm

Sa(A) for A=112.5 nm to A=225 nm

Therein the last two partial spectra have the value of
zero up to about A=190 nm. A continuous signal spec-
trum from A=190 nm to A=900 nm is desired. The two
first signal partial spectra follow each other seamlessly.
The wavelength range, for example, for the first signal
partial spectrum can be made to begin with A=451 nm.
The connection may, however, also be established 1n
the way described hereinbelow for the other signal
partial spectra.

The second and third signal partial spectra S2(A) to
S3(A) overlap in the range from 225 nm to 300 nm. This
overlap may be treated in different ways. For example,
the signal partial spectrum S2(A) may be evaluated com-
pletely, while the signal partial spectrum S3(A) 1s evalu-
ated only up to the wavelength of A=225 nm. Then the
range from 225 nm to 300 nm is not taken into consider-
ation 1n the third signal partial spectrum S3(A). Of
course, it 1s possible to utilize the signal partial spectrum
S3(A) completely while in the signal partial spectrum
S2(A) a wavelength range is omitted. It is also possible
to position the transition point somewhere in the over-
lapping range. The mean value of the two signal partial
spectra may also be formed in the overlapping range to
use both sets of information. In order to avoid steps in
the signal spectrum obtained, one signal partial spec-
trum Sz(A) may be weighted in the overlapping range
with a2 weight increasing with the wavelength A. The
other signal partial spectrum S3(A) may be weighted
with a weight factor decreasing with the wavelength A,
when forming the mean value. Such a continuous transi-
tion 1s particularly advantageous when the stray hght
influences are different in the overlapping partial ranges
and steps with high sample extinctions are to be
avoided. The same methods may be used in the overlap-
ping range of the two signal partial ranges S3(A) and
Sa(A). |

The transmission spectrum of a sample 26 (FIG. 1)
may be determined in a known way by obtaining the
signal spectrum S(A) once without a sample 26 (as Sg(A))
and once with a sample 26 1n the manner described. The
two signal spectra S(A) and Sg(A) thus obtained are
divided. The transmission spectrum T(A) of the sample
results from

T{A)=5(A)/S0(A)

This operation 1s preferably carried out by the com-
puter 24. The transmission spectrum T(A) 1s displayed
on a display 28.

In the example described, the fifth and all higher
grating orders were not present, beause they are ab-
sorbed by the atmosphere which acts as a cut-off filter.
Without such a cut-off filter or a limitation acting in this
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way as, for example, the spectral emission limit of the
lamp or the spectral sensitivity Iimit of the detector in
the short wave range, infinitely many more grating
orders are introduced. To separate the individual grat-
ing orders by computation, infinitely many spectra de-
tected with infinitely many filters would then be re-

quired. All grating order impinging on the detector
generate signals and must be separated by computation,
also if they impinge in spectral range, which are of no
Iinterest for the desired spectrum. On the other hand all
wavelengths of tlie desired spectral range have to be
contained in the incident radiation. The more extensive
the computation becomes, the more grating orders have
to be taken into consideration. Therefore, it is often
necessary to provide an additional filter in the path of
rays which limits the number of the occurring grating
orders.

The effective spectral range has to be limited, in any
case, towards the short wave range, while generally a
limitation towards the long wave range is not required.
Such a limitation becomes necessary, when low grating
orders have to be suppressed, to utilize the higher reso-
lution of the higher grating orders. In this case a band
filter is preferred. Then the measurement of the signal
spectra S1'(A) and S2'(A) 1s carried out with, for exam-
ple, two filters with the transmission characteristics
T1(A) and T2(A), from which signal spectra the signal
spectra S2(A/2) and Sz(A/3) are determined from the
system of equations

S 1 (M =T1(A2)S1(A/2)+ T1(A/3)SHA/3)

S'29(A)=T2(A/2)S1(0/2)+ T2(A/3)S2(N/3).

Instead of with the detector arrangement described
with a diode array the present invention may also be
utilized in a conventional grating spectrometer with a
single detector and scanning the spectrum by rotating
the diffraction grating. In particular, the present inven-
tion can also be adapted for grating spectrometers with
rapid cyclic spectral scanning.

To reduce the noise level several signal spectra can
be detected and averaged during several rotations of the
filter wheel. The stored transmission characteristics
T1(A) of the filters can be determined once with a con-
ventional spectrometer and stored by the manufacturer
of the instrument In the memory 22. Also the grating
spectrometer itself can serve to determine the transmis-
sion characteristics. For this purpose, the filter wheel 20
can include, in one position thereof, an empty opening.
The signal spectra determined with the individual filters
are then divided by the signal spectrum obtained with
the empty opening, whereby the transmissions of the
filters are provided.

A large spectral range 1s detected with a grating
spectrometer by evaluating the different grating orders.
The diffraction grating operates in a small spectral
range only, in each grating order, in which the range
the efficiency of the diffraction grating does not yet
decrease essentially. The mechanical requirements on
the accuracy of the structure are small. The only mov-
able part i1s a rotating filter wheel. The filter wheel
includes only inexpensive colored glass filters.

The embodiments described herein are for exemplary
purposes and are not considered limiting as other ar-
rangements can be made without departing from the
spirit and scope of the present invention. Thus, the
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present invention 1S deemed limited only by the ap-
pended claims and the reasonable interpretation thereof.

What is claim is:

1. A grating spectrometer, the grating of which is
used in several grating orders, comprising, in combina-
tion:

a grating for spectrally dispersing light incident

thereon; |

a light source for emitting light onto said grating;

a plurality of filters disposed on a filter changing
device, each said filter having a known transmis-
sion characteristic, said filter changing device
being operative to consecutively position each said
filter in the path between said light source and said
grating; |

detector means disposed to intercept light dispersed
from said grating;

a memory means responsive to said detector means to
store spectra data from said detector means while
each said filter 1s disposed in the path between said
source and said grating, said memory means also
storing transmission characteristic data for each
said filter; and

computer means, to which said stored transmission
characteristics of each said filter and said stored
signal spectra data are applied from said memory

8

means, said computer means calculating, as a func-

tion of wavelength, a signal spectrum having the

spectral composition of said incident light beam.
2. Qrating spectrometer as clammed in claim 1

5 wherein said detector means is a diode array.
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3. Grating spectrometer as claimed in claim 1

wherein said computer means solves a system of equa-
tions

oy — & oA A
S:'(h)—kil Tf(k ) Sk(k )

with respect to the S for different A and wherein,

n=the number of the used filters and simultaneously
the number of the occurring grating orders;

1=a running number associated with each filter;

A=the wavelength detected by the detector in the
first grating order;

S/ (A) =the signal spectrum obtained with filter °i’;

T;=the transmission characteristic of the filter ’1’; and

Si(A/k)=the signal partial spectrum of the light im-

pinging onto the detector in the k* grating order.
%* X L %k %
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